The effects of global and local environmental changes are transmitted through networks of interacting organisms to shape the structure of communities and the dynamics of ecosystems. We tested the impact of elevated temperature on the top-down and bottom-up forces structuring experimental freshwater pond food webs in western Canada over 16 months. Experimental warming was crossed with treatments manipulating the presence of planktivorous fish and eutrophication through enhanced nutrient supply. We found that higher temperatures produced top-heavy food webs with lower biomass of benthic and pelagic producers, equivalent biomass of zooplankton, zoobenthos and pelagic bacteria, and more pelagic viruses. Eutrophication increased the biomass of all organisms studied, while fish had cascading positive effects on periphyton, phytoplankton and bacteria, and reduced biomass of invertebrates. Surprisingly, virus biomass was reduced in the presence of fish, suggesting the possibility for complex mechanisms of top-down control of the lytic cycle. Warming reduced the effects of eutrophication on periphyton, and magnified the already strong effects of fish on phytoplankton and bacteria. Warming, fish and nutrients all increased whole-system rates of net production despite their distinct impacts on the distribution of biomass between producers and consumers, plankton and benthos, and microbes and macrobes. Our results indicate that warming exerts a host of indirect effects on aquatic food webs mediated through shifts in the magnitudes of top-down and bottom-up forcing.
INTRODUCTION
Anticipating and understanding the response of ecosystems to ongoing and accelerating global change represents one of the most pressing challenges facing ecology. Our current ability to forecast the future state of communities and ecosystems under environmental change is rudimentary. Several major impediments stand in the way of developing robust models of ecological systems under long-term environmental change. One is that evolutionary responses in organismal physiology or life history may affect population dynamics and therefore ecological interactions, food web dynamics and ecosystem processes [1] . Another is that changes to global geochemical cycles affect multiple aspects of the environment simultaneously, and may interact with local environmental conditions [2, 3] . Finally, indirect responses mediated through chains of food web interactions may overwhelm the direct effects on the physiology and demographics of organisms [4, 5] . Here, we examine the last two issues by testing the effects of elevated temperatures on the strength of top-down and bottom-up control in replicated experimental ponds.
Freshwater ecosystems are heavily impacted by global changes as well as a range of local-and regional-scale sources of environmental stress [6] . Rising temperatures have reduced the duration of ice cover [7] , changed patterns of phenology [8] and reduced nutrient regeneration from the hypolimnion owing to greater stability of stratification [9] . Regional changes such as reduced wind speed [9] , increased atmospheric N deposition [10, 11] and associated acidification have also altered conditions in many lentic habitats. Eutrophication due to nutrient runoff from point-and non-point sources has also produced a host of changes from cyanobacterial blooms to deep water anoxia [12] . Finally, top predators such as piscivorous fishes have been locally over-exploited to the point of extirpation in some habitats and introduced outside of their native ranges in others [13 -15] . The extent to which environmental changes occurring at local, regional and global scales interact in ways that amplify or diminish their effects are poorly understood but critical to understanding the changes taking place in ecosystems generally.
A variety of evidence suggests that elevated temperatures may affect the sensitivity of food webs to top-down and bottom-up forcing. First, harmful algal blooms in both coastal marine systems and lakes become more pronounced in warmer conditions [16] . Second, organisms at different positions within aquatic food webs vary in sensitivity to temperature, leading to imbalanced responses to temperature change among trophic levels [17, 18] . More active primary consumers may exert stronger top-down effects on producers [19, 20] ; however, their greater metabolic demands may intensify resource limitation and reduce their abundances, leading to weaker effects at the longterm population level [21] . Finally, warming often shifts community size structure by favouring dominance by smaller-body-sized organisms at several different positions within aquatic food webs [22 -24] . These responses to rising temperatures all suggest that the impact of top-down and bottom-up forces in lentic ecosystems may be altered in a warmer world.
Another aspect of aquatic structure and function likely to be influenced by environmental changes is the coupling between benthic and pelagic food webs, two habitats that are linked by movement of materials and organisms in ways that influence the community dynamics, structure and functioning [25] . Benthic production sustains high biomass of mobile top consumers such as fish predators [26] which may intensify top-down control in the pelagic zone [27] . Eutrophication has been shown to shift primary production in lakes from benthic to pelagic organisms as a result of light competition and shading from surface blooms of phytoplankton [28] . Predator-prey size ratios are also greater in the plankton than the benthos of lentic systems [26] , which may lead to stronger top-down effects in the pelagic zone [29] . Warming may exert different effects on benthic and pelagic organisms, and therefore alter the interactions between them, as a result of its effects on primary production, consumption or physical processes in freshwaters. However, little is known about the potential importance of such interactions.
The effects of temperature on microbes and their role in controlling primary production, sinking and nutrient cycling are also largely unknown. A number of studies have found indirect food web effects of warming on microbial abundances. For instance, Vidussi et al. [30] showed that experimental warming reduced the abundance of heterotrophic bacteria in the coastal Mediterranean as a result of enhanced top-down grazing effects. Similarly, Weitere et al. [31] found that warming reduced the effects of benthic mussels on heterotrophic flagellates and thereby indirectly reduced bacterial abundance in river plankton. These examples suggest that the indirect effects of temperature on microbial communities can be substantial. However, it remains unknown how microbial responses to temperature compare to shifts in other groups of aquatic organisms, or depend on the size structure of food webs.
Here, we describe the results of a replicated field mesocosm experiment using representative communities of benthic and pelagic invertebrates and micro-organisms found in small freshwater habitats. We used a factorial design to test the effects of elevated temperatures (þ38C above ambient, with natural patterns of seasonal and diurnal variation), the presence of planktivorous fishes (three-spined sticklebacks) and fertilization with N and P that greatly enhanced ecosystem production. We tested the effects of the three perturbations on food web structure in terms of the biomass of pelagic phytoplankton, zooplankton, bacteria and viruses, as well as benthic periphyton and macroinvertebrate consumers, sampled at various intervals over a 16-month period encompassing two summers and one winter. We also examined changes in net ecosystem production (NEP), measured as the amplitude of daily fluctuations in dissolved O 2 concentrations [24] . We previously described the responses of the mean and temporal variability of phytoplankton biomass [32] , showing that warming dampened the response of phytoplankton to fertilization but magnified the effects of trophic cascades. We also examined the effects on exchange of biomass between terrestrial and aquatic environments in terms of incorporation of terrestrial plant detritus into aquatic food webs, and the emergence of insect and amphibian biomass from the ponds [33] . The goal of the present study is to compare the direct and indirect effects of predators, temperature and eutrophication on the structure and function of aquatic food webs and to test for interactive or non-additive responses to the three manipulated factors. [32] . Benthic macroinvertebrates were sampled in three microhabitats: (i) on bottom of mesocosms with standard sweeps within a 0.02 m 2 cylinder placed in two different areas, (ii) on tank walls with two sweeps of a 12 cm wide, 0.5 mm mesh net from the tank bottom to the water's surface and (iii) in the water column with three sweeps of a 25 cm net across the mesocosm. Invertebrates were identified and biomass calculated from length-mass regressions following Greig et al. [33] . The measurements were aggregated into a single biomass estimate after adjusting for the relative area of each habitat type. Periphyton biomass was determined fluorometrically from algae growth on 25 cm 2 unglazed tiles in the same manner as Thompson & Shurin [34] .
METHODS
Viruses and bacteria were enumerated by flow cytometry following [35] . One millilitre samples were collected from the surface, fixed with glutaraldehyde (1% final concentration) and frozen at 2808C. To determine viral abundance, samples were thawed, diluted (1 : 100) with Tris-EDTA buffer (pH 8.0) and stained with SYBR Green I (Invitrogen) for 10 min at 808C. After cooling at room temperature for 5 min, samples were analysed on a Becton-Dickinson FACSCalibur flow cytometer equipped with a 15 mW, 488 nm air-cooled argon ion laser. Stained samples were run under green fluorescence for 1 min with a flow rate of approximately 37 ml min 21 at an event rate of 100-1000 events s
21
. Bacterial abundance was determined as above except the stained samples were incubated at room temperature for 15 min and then run for 1 min with a flow rate of approximately 66 ml min
. In both cases, a known concentration of yellow-green 0.92 mm beads (Fluoresbrite Microparticles) was added to the samples as internal standards. Abundance was calculated from listmode files using the freeware CYTOWIN (available at http:// www.sb-roscoff.fr/Phyto). Briefly, counts within a defined box on a green fluorescence verse side scatter cytogram were calculated in order to exclude the internal standards and background noise. These counts, along with duration, flow rate and dilution were used to calculate viruses ml 21 and/or bacteria ml
. We measured dissolved oxygen (DO) and temperature approximately 15 cm below the water surface using an in situ DO meter. NEP was calculated 11 times over the course of the study as the difference in DO concentration between dawn and dusk (see the electronic supplementary material, figure S1 ). The daily change in DO depends on both in situ biological processes and physical factors affecting the gas flux between the dissolved state and the atmosphere. These include barometric pressure, wind speed, alkalinity, salinity and temperature [17] . The first four factors were consistent among all of the replicates in our experiment, and therefore should not affect our measure of the treatment effects on NEP. The effect of our temperature treatment (a difference of 38C) on oxygen flux was also likely to be minimal in comparison with biological fluxes. For instance, Vogelaar et al. [36] found no effect of temperature on the oxygen transfer rate between tap water and the air between 208C and 558C. Similarly, Yvon-Durocher et al. [17] estimated the effect of average warming of 48C on gas flux in experimental ponds to be negligible. We therefore treat daily change in DO in the tanks as a reliable comparative measure of NEP, reflecting effects of the treatments on biological processes rather than differences in physical conditions.
The organisms and NEP were sampled at varying intervals throughout the experiment (see the electronic supplementary material, figure S1). Biomass was converted to units of g C m 22 for benthic organisms (periphyton and zoobenthos) and g C m 23 for pelagic organisms (all other groups) by assuming a carbon biomass to chlorophyll biomass ratio of 1 : 40 for phytoplankton [37, 38] and 1 : 50 for periphyton [39] , carbon content per cell of 0.2 fg for viruses [40] and 20 fg for bacteria [41] , an average carbon content of 48 per cent of dry mass for zooplankton [42] and 51.8 per cent of ash free dry mass for benthic invertebrates [43] .
(a) Statistical analyses We tested the effects of the treatments on the multivariate dispersion of the biomass of the six functional groups using redundancy analysis (RDA [44] ) for the two time periods when all measurements were taken within the same four-week period (May and October 2010). Significance of the explanatory power of the treatment axes was tested by a permutation test of three-way model with 999 randomizations. RDA was used as an 'omnibus' test of the significance of the treatment combinations on the overall variation among the dependent variables to support our comparisons of biomass distribution throughout the food web [45] .
To illustrate the univariate effects of the treatments, we used linear mixed effects (LMEs) models with the individual mesocosm treated as a random effect and analysed the time series across the entire experiment [46] . This analysis allowed us to interpret the independent and interactive effects of the perturbations on biomass that were apparent across all sampling dates, but not the time dependence of the effects. This choice was made for simplicity of interpretation; owing to the seven dependent variables and many sampling periods, we focus only on those effects that were apparent across time rather than those that emerged at particular points during the experiment. We presented the results of different time-series analyses using time as a fixed variable and demonstrating the seasonally varying effects of treatments and their interactions elsewhere [32, 33] . All data were log e -transformed prior the analyses to achieve normality of residuals and to improve homoscedasticity of variances. The statistical analyses were performed in R v. 2.11.1 [47] , using packages nlme [48] and Vegan [49] .
Finally, to compare the strength of the cascading effects of fish on primary producers between the benthos and the plankton, we calculated the log ratio of biomass with versus without fish for each of the four dates when periphyton was measured and the four phytoplankton chlorophyll samples collected on the nearest dates. We used a paired sample t-test with these four temporal replicates to ask whether the fish effect differed between the two habitats.
RESULTS
Analysis of data across the entire experiment with LME showed that treatments had independent and interactive effects on the biomass of the six trophic groups as well as on NEP (figure 1). Bacteria biomass increased with both fertilization and fish addition. The effects of fish on bacteria were amplified in the warmed tanks (the positive fish Â warming interaction; figure 1), although the main effect of warming was not significant. Both warming and nutrients enhanced biomass of viruses, while fish had negative main effects on viruses and a negative interaction with nutrients.
In the pelagic food chain, phytoplankton biomass declined with warming and increased with both nutrients and fish (figure 1). The effect of fish was magnified by both warming and fertilization. Fish reduced zooplankton biomass while nutrients had positive effects, and the top-down effects of fish on zooplankton were dampened by fertilization (the fish Â nutrient interaction).
The three main treatment effects on periphyton were similar to those for phytoplankton, with negative effects of warming and positive effects of fish and nutrients ( figure 1 ). There was a negative interaction between warming and nutrients, indicating that the effects of eutrophication were reduced at high temperatures. Biomass of benthic invertebrates was greatly increased by nutrients and reduced by fish, but no other effects were significant. The three-way treatment interaction was not significant for any group of organisms.
In order to compare the effects of the treatments among trophic levels and habitats, we examined the distribution of biomass among different food web compartments for the two time periods where all organisms were sampled within four weeks of one another. A multivariate RDA found that all the treatments and their interactions explained a significant portion of the dispersion of biomass among functional groups in October 2010 (p 0.01), while all except warming Â fish (p ¼ 0.16) and the three-way interaction (p ¼ 0.08) were significant in May 2010 (see the electronic supplementary material, table S1). Plots of biomass differences revealed shifts in food web structure in all three main treatment comparisons (figure 2). Fish produced bottom-heavy food webs with greater biomass of phytoplankton, periphyton and bacteria, and reduced biomass of zooplankton, benthic invertebrates and viruses. Nutrients increased the biomass of every group sampled, and also appeared to concentrate biomass among autotrophs more than consumers (compare the fertilized and unfertilized biomass distribution in figure 2 ; see also electronic supplementary material, table S2). Warming, by contrast, led to greater proportion of biomass among consumers by reducing producer biomass without associated changes in consumers (except for viruses, figure 1 ; electronic supplementary material, table S2). Some of the effects shown in figure 1 that were significant across the entire experiment are not apparent on the dates shown in figure 2 because of temporal variability in treatment effects.
To show how the effects of fish predators are altered by warming in the benthos versus pelagic, we present the direct and indirect interaction strengths of fish with all six functional groups, as well as litter decomposition rates (from Greig et al. [33] ) from two time periods when all dependent variables were sampled (figure 3). Interaction strength is measured as the log e of the ratio of biomass of each group in the presence versus the absence of fish. Warming strengthened the cascading indirect effects of fish on phytoplankton but not on periphyton (figures 1 and 3) or detritus breakdown [33] . In addition, the top-down effects of fish on pelagic producers were stronger than those on periphyton (t-test comparing log e ratios of periphyton biomass in the tanks with versus without fish on the four sampling dates with the four closest phytoplankton samples, t figure 3 ). Thus, although fish had significant cascading effects in both benthic Figure 1 . Effects of the treatments on the six functional groups sampled. Each point indicates the parameter estimate (+1 s.e.) for the treatment or interaction term in the linear mixed effects model. A positive value indicates that biomass of that group increased in a particular treatment and a negative value indicates the opposite. Each model is based on the log e -transformed biomass (in g C m 23 for pelagic organisms and g C m 22 for benthos), with individual mesocosm treated as a random effect. The treatments are: W, warming; N, nutrients; F, fish predation. The symbols show the significance of the parameter estimates as follows: *p , 0.05, **p , 0.01 and ***p , 0.001. and pelagic environments, the effects were substantially stronger in the plankton.
Warming, nutrients and fish all enhanced NEP (p , 0.0001, table 1 and figure 4). However, there were no significant statistical interactions among treatments over the course of the experiment (table 1). The effects of warming and fish tended to be stronger during the second summer when productivity was higher (figure 4), while the warming effect was more consistent throughout the experiment.
DISCUSSION
This study revealed a number of surprising independent and interactive effects of elevated temperature, predators and eutrophication on the structure and function of shallow freshwater ecosystems. Although the three perturbations all independently enhanced NEP, their effects on the distribution of biomass among different food web components were distinct and sometimes interactive. For instance, fish and nutrients both increased producer biomass and NEP, whereas warming enhanced production while reducing standing biomass of the dominant primary producers (phytoplankton and periphyton). Warming reduced the biomass of autotrophs without affecting consumer biomass, resulting in top-heavy biomass pyramids. Fish had the opposite effect (reducing biomass of invertebrates and increasing that of autotrophs and bacteria), while eutrophication increased biomass across all trophic levels. Indirect responses to all three treatments had major effects on the biomass of both bacteria and viruses, indicating that microbial responses to rising temperatures are governed by local food web interactions.
Our results support a body of evidence showing a positive effect of temperature on aquatic NEP despite Figure 2 . The biomass of the six food web components studied in our experiment under (a) fish predation, (b) warming and (c) nutrient treatments. Each of the four pelagic groups is measured in log e g C m 23 and the benthic invertebrates and periphyton in log e g C m 22 . We plotted the average biomass for two time periods when all groups of organisms were sampled within the same four-week period. Solid black lines are the average biomass for each of the two treatment levels representing the main effects and the coloured bars are+1 s.e. negative effects on both benthic and pelagic primary producer biomass [17, 24, 50] . We did not measure DO in the tanks with sufficient frequency to estimate the magnitudes of ecosystem respiration or gross primary production, therefore we are unable to test the expectation that respiration responds more strongly to warming than production [17, 50] . Greater NEP owing to warming may therefore represent higher rates of photosynthesis or respiration, or some combination of the two. Although all three treatments increased NEP, the overall magnitude of the warming effect was smaller than either fertilization or fish (see parameter estimates in table 1). This suggests that local topdown and bottom-up forces may exert larger effects on NEP than elevated temperature. In addition, none of the statistical interactions were significant for NEP, indicating that warming effects were largely independent of top-down and bottom-up control. Figure 3 . Food web diagrams showing the interaction between the fish and warming treatments, and the stronger effects of fish in pelagic than benthic habitats. The solid arrows represent direct effects of fish on zooplankton and benthic invertebrates, the dashed arrows indirect effects on primary producers and micro-organisms. The black arrows show measured direct or indirect effects, whereas the grey arrows represent unmeasured interactions. 'Detritus' is the decomposition of leaf litter in the tanks as reported in Greig et al. [33] . Arrow thickness is proportional to the magnitude of biomass change. The values shown indicate the log e of the ratio of biomass in the tanks with and without fish, averaged across sampling dates (with 1 s.e. in parentheses), and asterisks indicate values that were significantly affected by warming (the interactions shown in figure 1 ). Phytoplankton responded more strongly to fish than periphyton or leaf litter decomposition, even though the direct effect of fish on zooplankton was similar to that on benthic invertebrates. (a) Unwarmed and (b) warmed food webs.
Warming induced a shift towards top-heavy food webs with greater biomass of consumers relative to producers, mainly due to declines in periphyton and phytoplankton biomass without associated changes in consumer biomass. While the parameter estimates for the warming effects were positive for both invertebrates and microbes (figure 1), only viruses showed a significant increase in biomass in the warmed treatment. Although standing stocks of autotrophs declined, rates of total system NEP were consistently higher in the warmed treatments. This indicates that warming increased the rate of turnover of both benthic and pelagic autotrophs, in agreement with YvonDurocher et al. [23] , who found that warming reduced the density of phytoplankton and shifted dominance towards small cells without affecting zooplankton density. Warming therefore has a direct negative effect on autotrophs that may be further magnified by reduced nutrient supply owing to greater stability of stratification in large water bodies, leading to concurrent declines in both zooplankton and phytoplankton [51] .
The top-down effects of fish and bottom-up effects of nutrients we observed agree with other studies of eutrophication and trophic cascades in freshwater ecosystems. Fish shifted the biomass distribution of the food web towards benthic and pelagic producers, as well as bacteria, and lower biomass of invertebrates. Strong topdown effects of fish predators are frequently observed in both the benthic and pelagic zones of lakes and ponds [52, 53] . Eutrophication led to increases in biomass across all trophic levels, including microbes. This agrees with observational studies showing increasing biomass of organisms at all positions in aquatic food webs with higher levels of nutrient loading [54, 55] . The accumulation of biomass with eutrophication appeared to be in agreement with Del Giorgio & Gasol [56] , in that fertilization favoured bottom-heavy food webs with greater increases in producer biomass relative to consumers (although we have no statistical test of this pattern). Similarly, Cole et al. [57] found that bacterial production and abundance increased with primary production, but that eutrophication favoured greater phytoplankton biomass relative to bacteria. Our results suggest that, while eutrophication increased biomass among all groups, phytoplankton responded more strongly than zooplankton, pelagic bacteria or viruses (figure 2).
The direct and indirect effects of fish predators were stronger in pelagic habitats than in the benthos (figure 3). While fish exerted similar impacts on zooplankton and benthic invertebrates, the indirect cascading effects were substantially stronger for phytoplankton than on periphyton. A meta-analysis of trophic cascade experiments [53] found that predators in lentic systems reduced benthic herbivore biomass to a greater degree than zooplankton, but that the response by primary producers was similar between the two habitats. This result, and the experiment presented here, suggests that the interaction between producers and herbivores is stronger in pelagic than benthic habitats. Differences in consumer size structure may be behind this contrast. Benthic food webs are considerably less size structured than pelagic, with greater variance in body size within producers, herbivores and predators and smaller differences between trophic levels [26, 58] . Large predator -prey size ratios often lead to stronger interactions [29] . Our results also support a general pattern that larger organisms exert disproportionately strong impacts on ecosystem structure and function relative to their lower numerical abundances [59, 60] . The presence of fish predators induced shifts in NEP and biomass distribution throughout our experimental food webs that were comparable in magnitude to 38C of warming and massive nutrient loading ( figure 1) . Thus, the size structure of food webs, which is sensitive to exploitation and warming among other stresses [22, 61] , should be considered on par with the physical and chemical environment as a driver of ecosystem functioning.
Warming interacted with shifts in top-down and bottom-up control to affect food web structure, two examples of 'thermal cascades' [62] or chains of indirect effects unleashed by higher temperatures. First, warming dampened the effects of eutrophication on periphyton ( figure 1 ). While the warming Â nutrient interactive effect was not significant for phytoplankton, the magnitude of the parameter value was similar to that for periphyton. In addition, Kratina et al. [32] present an analysis of the same chlorophyll data with time treated as a fixed factor and show a strong seasonal shift in the importance of warming for dampening the effects of nutrients on phytoplankton biomass. The cause of the reduced nutrient effects at higher temperatures is unknown, but may be related to the shift towards smaller cells or stronger nutrient limitation in the phytoplankton community [22, 23] . Our results support the conclusions of Binzer et al. [63] who use an allometrically scaled food chain model to show interactive effects of warming and fertilization on food chain dynamics. Warming also amplified the effects on topdown control via trophic cascades from planktivorous fishes on both phytoplankton and bacteria, but not on periphyton ( figures 1 and 3) . The stronger top-down control at high temperatures likely resulted from changes in the structure or metabolism of the zooplankton community [32] . Our results agree with those from grassland systems where warming strengthened the top-down effects of spider predators over grasshoppers and plants [64] . Stronger top-down control by predators may therefore be a pervasive feature of future, warmer ecosystems. We also found independent and interactive effects of temperature with top-down and bottom-up processes in microbial communities. Warming significantly increased the biomass of viruses but not bacteria. One of the most surprising results of our study was that viruses responded negatively to the presence of fish. Viral abundance is positively correlated with trophic status across freshwater and marine ecosystems [65] , a result that may indicate that virus abundance tracks that of bacteria or phytoplankton [66] . However, the response of viral biomass to our treatments closely reflected that of the zooplankton (figure 1). Fish reduced biomass of both zooplankton and viruses, and their effect was dampened under eutrophication (the negative nutrient Â fish interaction). This result may reflect either that zooplankton serve as important hosts for many pelagic viruses, or that zooplankton have important indirect effects on the life cycle of viruses via their impacts on the structure of the phytoplankton community. The impact of upper trophic levels such as fish on the biomass and role of viruses in aquatic systems remains poorly studied, and our results indicate that predators may indirectly interact with both viruses and bacteria in surprising ways.
The generality of our findings depends on how well the tanks serve as an analogy for natural aquatic systems. The diversity and biomass of benthic and pelagic organisms in the tanks were comparable to those in the source ponds from which they were inoculated. Physical processes such as mixing and thermal stratification will clearly be different in larger water bodies than in our experimental venue. Nevertheless, our study, along with others of similar design [17] , points to substantial structural and functional changes in the intensity of trophic interactions that accompany warming.
CONCLUSIONS
Our experiment indicates substantial indirect effects of warmer temperatures on the top-down and bottom-up processes that control the distribution of biomass throughout aquatic food webs. All three perturbations resulted in greater NEP, but had very different effects on food web components. Higher temperature caused declines in benthic and pelagic autotrophs without significantly affecting any of the four groups of heterotrophs examined. Fish predators had the opposite effect from temperature, reducing invertebrate biomass while enhancing producers and bacteria, and enrichment increased biomass across all trophic levels. These effects are almost certain to vary among diverse ecosystems with differences in physical structure that are likely to determine the responses to warming in natural systems. However, our results provide strong evidence that the effects of rising temperatures are likely to vary with local conditions and to alter the processes shaping freshwater food webs in future climates.
